An increase in the availability of NO3 may result in a larger contribution from NO3 assimilation, however nodulation and nitrogenase activity may be decreased (4, 5, 16) . The primary cause of this inhibitory effect by NO-is not clear and information is still lacking with regard to ways to relieve the inhibition of N2-ase activity by NO3-.
inoculation, the nodule cytosol and the ceil-free extracts of the leaves contained both nitrate reductase and nitrite reductase activities. The wildtype bacteroids contained nitrate reductase but not nitrite reductase actvity while the bacteroids of strains NR-108 and NR-303 contained neither nitrate reductase nor nitrite reductase activities.
Addition of 20 miflimolar KNO3 to bacterolds of the wild-type strain caused a decrease in nitrogenase activity by more than 50%, but the nitrate reductase-negative strains were insensitive to nitrate. The nitrogenase activity of detached nodules initiated with the nitrate reductase-negative mutant strains was less affected by the KNO3 treatment as compared to the wild-type strain; however, the results were less conclusive than those obtained with the isolated bacteroids.
The addition of either KNO3 or KNO2 to detached nodules (wild type) suspended in a semisolid agar nutrient medium caused an inhibition of nitrogenase activity of 50% and 65% as compared to the minus N controls, and provided direct evidence for a localized effect of nitrate and nitrite at the nodule leveL Addition of 0.1 m lar sucrose stimulated nitrogenase activity in the presence or absence of nitrate or nitrite. The sucrose treatment also helped to decrease the level of nitrite accumulated within the nodules.
A full understanding of the relationships between NO-reduction and N2 fixation is needed to help maximize the use of both N sources by nodulated legumes. Recent reports (9, 23) have indicated that soybeans can benefit from the complementary operation of both biological nitrogen fixation and leaf nitrate assimilation. An increase in the availability of NO3 may result in a larger contribution from NO3 assimilation, however nodulation and nitrogenase activity may be decreased (4, 5, 16) . The primary cause of this inhibitory effect by NO-is not clear and information is still lacking with regard to ways to relieve the inhibition of N2-ase activity by NO3-.
Nitrite accumulation within the nodules has been shown in NO3--treated plants of several legumes including soybeans (15, 22) . NO2-is a known inhibitor of several aspects of N2 fixation (12, 19, 21, 24) . However, Gibson and Pagan (6) and Manhart and Wong (15) have concluded that NO2 the product of bacteroid NR3, may not play a role in the inhibition of acetylene reduction by NO3-. These authors based their conclusions on whole plant studies. The use of whole plants may be helpful to obtain an integrated view of the relationships between NO3-reduction and N2 fixation but may be complicated by limitations imposed by the processes of NO% uptake, mobilization, storage, and reduction in compartments other than the nodules. Studies using isolated parts of the symbiotic system may provide more direct information on the metabolism of NO3 within the nodules and its relationship to N2 fixation. The availability ofNR-negative mutants ofRhizobium japonicum (25) facilitates such studies. Mutants lacking nitrate reductase (NR-), produced from R japonicum strain 61A76, have been shown to produce normal nodules and fix N2 in symbiosis with soybean plants (25) . The objectives of this study were: (a) to characterize the relationships between NO-reduction, NO-reduction, and Nrase activity using detached soybean nodules and R japonicum bacteroids; (b) to reevaluate the role of the bacteroid NR as a mediator of the NO-effect on N2-ase activity and; (c) to develop NR-negative mutants of Rjaponicum tolerant to normally inhibitory levels of NOR.
MATERIALS AND METHODS Plant and Bacteria Culture. The Rhizobium japonicum strain (USDA 110) used in this study was obtained from Dr. D. F. Weber (USDA at Beltsville, MD). The bacteria were cultured and mutant strains lacking NRA (NR-) were prepared and tested as previously described (25) . In one experiment (Fig. 2) (18) . Leaf and nodule cytosol fractions were obtained after centrifugation of the homogenates at 30,000g at 4°C for 10 min. The pellet was discarded. NR activity was assayed as described by Hageman and Hucklesby (7) . In vivo NR assays were conducted in the dark at 30°C as previously described (4) . Leaf tissue was cut into small sections (about I cm), and nodules were sliced and placed into 15-ml vials containing 5 ml of incubation medium composed of: 50 mm K-phosphate (pH 7.5), 100 mm KNO3, 1% (v/v) propanol, and 0.05% (v/v) Neutronyx 600 (Onyx Chemical Co., Jersey City, NJ). The tissues were vacuum infltrated and subsamples taken after 10 and 70 min for NO2-determinations (17) . NiRA was determined using a dithionite-methylviologen electron donor system and following the disappearance of NO-from the assay media (11) .
Nitrogenase activity was assayed using the C2H2 reduction method (8) (Table I) . Thus, NO2 accumulation in soybean nodules is very likely dependent upon the bacteroid NR as proposed for other legumes (6, 15 (Fig. 1) . The two NRstrains (108 and 303), however, showed similar rates of N2-ase activity in the presence or absence of KNO3 (Fig. 1) . These results have several implications: (a) the inhibition by NO3 of acetylene Nodule cytosol 28 ± 0. Distribution of NR and NiR Activities. Soybean plants, nodulated with wild-type R. japonicum USDA 110 or NR-108, were separated into different fractions: leaves, nodule cytosol, and bacteroids. These fractions were then assayed for NR and NiR activities. Regardless of the bacterial strain used for inoculation, the nodule cytosol, and the cell-free extracts of leaves contained both NR and NiR activities. The wild-type bacteroids contained NR but not NiR activity while the NR-108 bacteroids contained neither NR nor NiR activities (Table II) . The occurrence of both NR and NiR in the nodule cytosol of plants inoculated with NRbacteria, permits the conclusion that both of these enzymes are of host origin. The nodule cytosol NR and NiR activities increased following treatment of N2-grown plants with KNO3 (20 mM) for 48 h; however, the bacteroid NR activity of the parent strain was uneffected (Table II) . It is the nodule cytosol NR that most likely accounts for the residual NR activity shown by nodules initiated by the NR-strains in Table I . The occurrence of NR, but not NiR, has previously been shown in nodule cytosols of peas (2) and soybeans (22) . The activity of NiR assayed in vitro was several times the corresponding activity of NR (Table II) and, therefore, in principle NR but not NiR should be considered as the ratelimiting step in the sequence of reactions involved in NO-metabolism in nodules. However, the relationships between the rates of NO3 and NO-reduction in situ may be very different, since NO2 can accumulate within the nodules (Table I) .
Nitrogenase Activity by Detached Nodules. To study the effect of NO3 or other substances on the N2-ase activity associated with detached nodules, the selected compound must be in solution. However, suspension of the nodules in an aqueous nutrient medium results in lower rates and a rapid loss of N2-ase activity (Fig.  2) . Nodules suspended in a semisolid agar nutrient medium and vacuum infiltrated gave a continuous and near linear production of C2H4 for at least 4 h (Fig. 2) . Furthermore, the rates of N2-ase activity by detached nodules in the semisolid medium were similar to the rates obtained with whole roots assayed in air (Fig. 2) . These results indicated that separation of the nodules from the plant did not result in an impairment of their N2-fixing capacity and that the semisolid nutrient medium provided adequate conditions for optimal functioning of the nodules. The supporting media reported here had the following characteristics and advantages. (a) The presence of a number of salts in the media helped to maintain a more natural physiological environment (Fig. 2) . (b) By decreasing the agar concentration to 0.15%, thus making the medium semisolid, the nodules will not sink in the medium; however, the nutrients and test compounds may diffuse into the nodules more easily. (c) The detached nodules can no longer depend on the vascular system of the plant for the supply of basic nutrients; therefore, vacuum infiltration of the nodules aids in delivering the nutrients and test compounds from the medium to the interior of the nodule.
Effects of Sucrose. NO-, and NO-Additions. Long-term CO2 enrichment studies have been shown to increase nodule activity (total and specific) in soybean plants (10, 20) , and the authors (26) . The author concluded that the added sugars alleviated the inhibitory effects of NO3 not only by increasing the carbohydrate supply so that both N2 fixation and NO3 assimilation could be supported but also by inhibiting the accumulation of NO3 and hence lowering NR activity in the leaves (26) . We have obtained more direct evidence for the stimulatory effects of sucrose on nitrogenase activity by using detached soybean nodules (Fig. 3) . Addition of sucrose (0.1 M) stimulated the N2-ase activity in both the presence and absence of NO3-or NO2 (Fig. 3) . The concentration of sucrose reported here was found to be optimal in preliminary experiments using a range of concentrations from 0 to 300 mm (data not shown). Addition of 20 mm KNO3 to the minus sucrose treatment caused an inhibition of about 50%o after 2 h of exposure (Fig. 3A) , and the KNO2 treatment inhibited N2-ase activity by approximately 65% (Fig. 3B) . These results provided direct evidence for a localized effect of NO3 and NO2 at the nodule level. Similarly, the stimulatory effect of sucrose indicated that sucrose was being taken up and possibly metabolized
by the nodules to provide extra reducing equivalents for the N2-ase reaction. The ability of sucrose (0.1 M) to provide at least partial relief for the inhibition of N2-ase activity by NO3 and/or NO-could suggest that competition for reducing equivalents (energy) at the nodule level, between NO3-reduction and N2 fixation, may account, at least partially, for the NO-effects. In addition, the sucrose treatment was associated with a decrease in the amount of NO2 being accumulated within the nodules (Table   III) . We observed no excretion of NO-to the nodule culture medium by nodules supplied with KNO3; therefore, NO2 accumulation within the nodules may be considered to depend on the rates of NO3-reduction and NO2 reduction. Because the bacteroids do not contain NiR, it is likely that the NO-levels in the nodule may be related to a nodule cytosol NiR of host origin (Table II) which may be aided by reducing equivalents arising from the oxidation of sugars. The data in Table III Conversely, factors affecting NiR activity negatively may result in higher levels of NO2 accumulated within the nodules. It is also possible that the inability of sucrose to completely eliminate NO2 accumulation resulted in only a partial relief of the inhibition of N2-ase activity. Nonetheless, we feel that the observations reported here have added a new dimension to the relationships between N2-ase activity and the processes of NO-and NO-reduction in soybean nodules. All of these results support the contention that increasing the allocation of sugars to the nodules, followed by the occurrence of efficient oxidative systems, should provide sufficient reducing power for the reduction of N2, NO-, and NO-with the possibility of maintaining the efficiency of N2-ase activity without interferences from either NO3-or NO2-metabolism. The bacteroid appears to be the major source of NO2-within the nodules, and the use ofNR-mutants may be ofmajor significance in decreasing the actual input of NO2-to the nodule cytosol (Tables I and II) . Although the N2-ase activity of nodules initiated with NR-108 or NR-303 was somewhat less affected by the NO3 treatment than the N2-ase activity of nodules initiated with the NR+ (wild type) strain (Fig. 4) , the results were less conclusive than those obtained with isolated bacteroids (Fig. 1) . This may be due to the presence of a nodule cytosol NR in nodules initiated with either NR+ or NR-strains (Table II) , and, therefore, any practical solution to the observed inhibition of N2-ase activity by NO3 will probably have to consider both the nodule cytosol and the bacteroid NR activities.
